T oll-like receptor (TLR) signaling stimulated by diverse microbial components plays a pivotal role in innate immunity by eliciting a powerful proinflammatory response that is essential for pathogen elimination. However, uncontrolled inflammation can result in tissue damage. Thus, TLR signaling has to be tightly controlled to maintain immune balance in the organism. The paradigm for modulating TLR signaling seems to center on the canonical nuclear factor-kB (NF-kB) pathway, most likely because of the central role of NF-kB in the production of various proinflammatory cytokines. 1 In a recent issue of Nature Immunology, Yuk et al. have reported the identification of a novel endogenous NF-kB inhibitor in TLR signaling-small heterodimer partner (SHP) 2 Interestingly, SHP functions in a self-regulating system: TLR signaling induces the expression of SHP in macrophages through Ca 21 -dependent activation of AMP-activated protein kinase (AMPK), which has anti-inflammatory effects 3 SHP in turn decreases the expression of proinflammatory cytokines such as tumor necrosis factor-a (TNF-a) by physically binding to two key components of the canonical NF-kB pathway, namely, RelA/p65 and TNF receptorassociated factor 6 (TRAF6) This work demonstrates an essential role for SHP in the negative control of TLR signaling and provides a novel underlying molecular mechanism.
SHP is an atypical orphan member of the nuclear receptor superfamily Lacking a DNAbinding domain, SHP is a transcriptional corepressor that is involved in endocrine regulation. 4 By examining the susceptibility of SHP-deficient mice to endotoxin shock, Yuk et al. have made the notable observation that SHP protects mice against the lethality induced by experimental endotoxemia. The decreased survival of SHP-deficient mice in response to endotoxin is attributed to augmented expression of proinflammatory cytokines from bone marrow-derived cells. With bone marrow-derived macrophages (BMDMs) as the major cell model, the authors showed that SHP participates in the regulation of inflammatory responses induced by various TLR agonists. Because several nuclear receptors exert anti-inflammatory effects by suppressing the transcription of genes encoding proinflammatory cytokines, 5 it was reasonable for the authors to analyze p65, the major transactivating subunit of NF-kB. 6 Indeed, they found that SHP hinders p65 nuclear translocation and DNA binding, which is associated with reduced Tnf promoter activity. Their results from coimmunoprecipitation and confocal analysis suggest an interaction between p65 and SHP in BMDMs. Even though these data help explain the antiinflammatory effects of SHP, they indicate no novel molecular mechanism. Yuk et al. further showed that SHP interferes with the molecular events upstream of p65. The degradation of NF-kB inhibitor IkBa and the activation of the IkB kinase upon TLR stimulation correlate inversely with the protein level of SHP. By examining the initial steps of TLR signaling, the authors next showed that the lys63 (K63)-linked polyubiquitination of TRAF6 upon TLR stimulation is enhanced with SHP deficiency, but is impaired with SHP overexpression. Their results from coimmunoprecipitation and confocal analysis suggest that cytoplasmic SHP interacts with p65, but not TRAF6, in unstimulated resting BMDMs, and that TLR signaling leads to the binding of SHP to TRAF6, which is associated with reduced SHP-p65 interaction. The authors propose that the binding of SHP to TRAF6 hinders TRAF6 polyubiquitination because the interaction of TRAF6 with SHP depends on an amino-terminal RING domain, while this domain is required for the binding of TRAF6 to an E2 ubiquitin-conjugating enzyme and for TRAF6 to act as an E3 ubiquitin ligase. 7 Moreover, the authors provide data indicating that TLR signaling induces endogenous SHP expression in an AMPKdependent manner, consistent with previous findings that show that AMPK contributes to the induction of shp expression by various extracellular stimuli. 8, 9 TLRdependent activation of AMPK requires intracellular Ca 21 influx, whereas other extracellular stimuli might trigger AMPK activation in a Ca 21 -independent manner. AMPK activation mediates SHP expression via transcription factor upstream stimulatory factor-1. Collectively, the complicated and challenging series of experiments performed identify previously unrecognized dual regulatory functions of SHP in TLR signaling and provide new insights into the important post-translational regulatory roles of nuclear receptors.
Some questions arise from this study. First, what is the molecular mechanism by which SHP dissociates from p65 and interacts with TRAF6 upon TLR stimulation? A possible explanation is that TLR signaling leads to post-translational modifications and conformational changes of SHP which result in the shuttling. Second, how does SHP modulate TRAF6 polyubiquitination? SHP does not contain a deubiquitination enzyme domain. Moreover, SHP deficiency does not affect the expression of A20 and CYLD, two known deubiquitinases that target the canonical NF-kB pathway. 10 Even though SHP and TRAF6 coimmunoprecipitated and colocalized upon TLR stimulation, no evidence of a direct interaction was provided by the authors. It is possible that SHP and TRAF6 enter the same complex in TLR signaling and SHP dampens TRAF6 ubiquitination indirectly through some mediator(s). If SHP indeed directly interacts with TRAF6 upon TLR stimulation, it may mask the binding site of the E2 ubiquitin-conjugating enzyme and consequently prevent TRAF6 from acting as an E3 ubiquitin ligase. Third, what is the physiological role of SHP-p65 interaction? The optimal SHP-p65 interaction seems to occur in unstimulated resting BMDMs, while TLR signaling leads to reduced SHP-p65 interaction. These facts suggest that the binding of SHP to p65 does not play a major role in the modulation of TLR signaling by SHP. By contrast, SHP-p65 interaction might be involved in the control of the basal level of NF-kB activity. Fourth, does SHP inhibit the activation of intracellular signaling pathway(s) other than the canonical NF-kB pathway? Adaptor TRAF6 transduces signals from activated TLRs to different intracellular signaling pathways. Theoretically, the modulation of other signaling pathways such as the mitogen-activated protein kinase pathways might also contribute to the antiinflammatory effects of SHP. Future studies are required to address these issues.
Nevertheless, this is the first study to show that the orphan nuclear receptor SHP inhibits TLR signaling through a transcriptiondependent mechanism and post-translational regulation. These findings illustrate the complexities of innate immunity and indicate possible future strategies for controlling systemic inflammation and endotoxic shock. -dependent activation of AMPK. SHP in turn decreases TLR-triggered expression of proinflammatory cytokines such as TNF-a by physically binding to TRAF6 and dampening TRAF6 ubiquitination. AMPK, AMP-activated protein kinase; BMDM, bone marrow-derived macrophage; IKK, IkB kinase; NF-kB, nuclear factor-kB; SHP, small heterodimer partner; TLR, Toll-like receptor; TNF-a, tumor-necrosis factor-a; TRAF6, TNF receptor-associated factor 6; USF-1, upstream stimulatory factor-1.
